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Abstract 
Carpenter, Laura E. M.S.M.E., Department of Mechanical and Materials Engineering, Wright State 
University, 2016, The Design and Experimental Investigation of Novel Double-blade Wind Turbine 
Models Inspired by Houck’s Concept. 
 
Energy can be captured from wind turbines efficiently today.  However there’s always room for 
improvement up to the Betz’s limit of 59.3% efficiency.  A novel wind turbine blade was designed with 
double blade rotor inspired by Houck’s concept in an attempt to improve the efficiency of the horizontal 
axis wind turbine. Scaled wind turbine models with a diameter of 150 𝑚𝑚 were designed in SolidWorks 
adjusting the parameters of stagger, gap, and decalage. The general design comprises of two modern blades 
attached by a curved flow guide at the tip. Fourteen blade models were designed and tested to obtain power, 
force, wake flow data from particle image velocimetry (PIV), and acoustic emission data.  Blade No. 5, 
which gave the highest power output among all blades, showed up to 7% improvement in the power 
extracted from the wind for high tip speed ratios.  Compared to the baseline single blade wind turbine, the 
wake of No. 5 blade is more regulated in terms of less turbulence by the double-blade effect and contains 
more flow energy, which could benefit wind turbines downstream in a wind farm. This indicates that the 
novel design of No. 5 significantly suppressed the separation from the lower blade and thus a less turbulent 
wake was observed. Another point worth considering is that the noise level for this blade decreased slightly, 
which is advantageous.   
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Nomenclature 
Symbols 
𝐴  Area swept by wind turbine 
𝐶𝑝   Coefficient of power 
𝐶𝑇  Coefficient of thrust 
g  Gap between airfoils 
𝑃  Power produced 
𝑃𝑤  Available power in the wind 
𝑅  Rotor radius 
s  Stagger between airfoils 
𝑇  Thrust 
𝑈  Wind velocity 
𝑈1  Wind velocity upstream 
𝑈4  Wind velocity downstream 
𝑉  Voltage 
𝜌  Density 
𝛿  Decalage 
𝜃  Dihedral 
𝜆  Tip speed ratio 
𝜏  Torque 
𝜔  Angular velocity 
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Abbreviations 
 
EU  European Union 
ICA  International Congress on Acoustics 
TSR  Tip speed ratio 
2D  two-dimensional 
3D  three-dimensional 
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Chapter 1 - Introduction 
1.1. History of Wind Energy 
Wind energy has a rich history including sailing, flying kites, and running windmills and wind 
turbines, ranging from leisure activity to work or producing electricity.  Sailing was first used by the ancient 
Chinese around 4000 B.C.  Some of the ships or Chinese junks were capable of transporting 700 people 
and 260 tons of cargo across the South Sea.  About 600 years later the ancient Egyptians sailed the Nile 
River and later the Mediterranean.  Wind powered ships were the means of water transportation until the 
steam engine was invented in the 19th century.  Furthermore, kites were invented by the Chinese around the 
4th or 5th centuries B.C. [1]. 
The first known reference to a windmill was by Hero of Alexandria who lived in either the 1st 
century B.C. or 1st century A.D.  He claimed to have witnessed a device that used a windmill to provide air 
to an organ.  The next reference to a windmill comes from the Persian region of Seistan during the 9th 
century A.D.  They utilized vertical axis rotors.  A transition occurred from vertical axis rotors to horizontal 
axis rotors as windmills emerged in northern Europe in the 10th or 11th century.  The northern Europe 
horizontal axes were driven by lift forces whereas the Seistan vertical axes were driven by drag forces.  The 
European windmills performed various kinds of work, from pumping water and grinding grain to sawing 
wood and powering tools.  Wind was used extensively in Europe for energy until the Industrial Revolution 
when coal took over as it could be transported and was much more consistent with a higher power 
coefficient [2]. 
Windmills were used for mechanical power. Later wind turbines emerged which provided electrical 
power.  The first wind turbine in the world was designed and built by Charles Brush in Cleveland, Ohio in 
1888.  This wind turbine consisted of 144 cedar blades, had a diameter of 17 meters, and produced 12 
kilowatts of electricity.  The blades were mounted on a 60 foot, 40 ton iron tower.  The wind turbine had a 
tail that was 60 feet long and 20 feet wide.  A 20 feet shaft turned pulleys and belts which spun a dynamo 
connected to 408 batteries [3].  A visual of the wind turbine appears in Figure 1.   
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Figure 1 – The first wind turbine which was designed by Charles Brush in Cleveland, Ohio [3]. 
Brush’s company was the Brush Electric Company which later merged to form General Electric.  Following 
Brush, small wind turbines arose by Marcellus Jacobs.  These were three bladed rotors with an airfoil cross 
section and considered forerunners to the Bergey and Southwest Windpower machines. The 20th century 
was characterized by larger wind turbines. In Denmark one hundred 20-35 kilowatt wind turbines were 
built by Poul La Cour.  The most significant large turbine in the United States was built at Grandpa’s Knob 
in Vermont in the 1930s known as the Smith-Putnam machine. This two-bladed wind turbine had a diameter 
of 53.3 meters and produced 1.25 megawatts, making it the largest of the time. Unfortunately, blade failure 
occurred in 1945 and this project was not continued [2].  
In the late 1960s wind energy was once again explored as a result of an environmental movement 
to search for cleaner energy sources.  In particular, the 1970s oil crisis triggered the development of 
alternative sources of energy including wind.  Bigger opportunities arose when government incentives made 
them more economically feasible.  This was particularly the case in California with what was referred to as 
the wind rush.  Thousands of wind turbines were installed in areas of the Altamont Pass, San Gorgonio 
Pass, and Tehachipi.  However, soon the United States wind turbines started being replaced with Danish 
machines in California.  In the 1990s as United States manufacturer Kennetech Windpower faded away, 
manufacturing moved to Europe in Denmark and Germany.  Throughout all this time power production 
increased from 25 kilowatts to over 6 megawatts [2].  
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1.2. Modern Wind Turbine Challenges 
 
Some modern wind turbine challenges include environmental effects on the bird population as well 
as the visual effects on the landscape.  Also, wind turbine noise from the blades and mechanical vibration 
from the gearboxes and generators are issues.  Further, concerns arise with the intermittent nature of wind 
and the corresponding effect on grid stability.  Thermal management, wind energy storage, and wind turbine 
lifetime are also researched topics.  Finally, the cost of electricity from wind power is a key focus [1].  
Two challenges that will be explored in this study are the efficiency of the wind turbine which 
affects the cost of electricity and the noise from the wind turbine blades.  The aerodynamic design of the 
blade plays a large role in the amount of energy that is extracted from the wind as well as the noise level.  
The contact that the wind makes with the blade shape determines the performance of the machine.  A new 
component will be added to the current industrial horizontal axis wind turbine design in an effort to capture 
more energy from the wind.  Thus, the main focus of this paper will be modifying the blade design to study 
efficiency changes, noise levels, and resulting flow patterns due to the interaction of the blade and the wind. 
1.3. The Horizontal Axis Wind Turbine 
 
The horizontal axis wind turbine rotates about the horizontal axis, parallel to the ground. This is 
opposite of the vertical axis wind turbine which rotates about the vertical axis, perpendicular to the ground 
[4].  The Betz limit for the horizontal axis turbine is significantly higher than for the vertical axis, so it is 
preferred in the wind industry.  The vertical axis wind turbine does have some advantages in urban areas 
with unsteady wind as it collects power in all directions, but the concentration of this study is geared toward 
horizontal axis wind turbines [5].  Figure 2 provides a picture of typical horizontal axis wind turbines [6]. 
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Figure 2 – Modern Horizontal Axis Wind Turbines [6]. 
The main parts of a horizontal axis wind turbine are the blades, hub, nacelle, and tower as shown in Figure 
3.  The blades are connected to the hub; together the blades and hub are the rotor.  The rotor through a shaft 
connects to the nacelle which stores the gearbox, generator, drive train, and brake assembly.  The tower 
supports the nacelle and rotor, raising the rotor high into the sky where greater wind speeds are acquired. 
 
Figure 3 – The main parts of the horizontal axis wind turbine [7]. 
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1.4. Houck’s Lifting Foil/Flow Guide Concept 
 
This research applies Houck’s lifting foil/flow guide concept to the current horizontal axis wind 
turbine blade design.  The new design is two blades or a double-blade connected at the tip by a flow guide 
[8].  Houck’s lifting foil is shown below in Figure 4 [8].  The central area represents the fuselage; the two 
wings are joined with a flow guide at each wingtip. This flow guide is shown in Figure 5 [9]. 
 
Figure 4 – Houck’s lifting foil.  [8] 
 
Figure 5 – A close up view of the flow guide.  [9] 
The objective of this invention is to reduce wing tip vortices, resulting in energy losses caused by the 
induced drag on the aircraft.  The same concept can be applied to the blade tip vortices of wind turbines as 
shown in Figure 6 [10]. The bottom of the blade has a high pressure distribution while the top of the blade 
has a low pressure distribution.  Vortices arise due to the flow from the high pressure side to the low pressure 
side. 
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Figure 6 – This image shows the tip vortices in the wake structure of the wind turbine.  [10] 
1.5. Blade Tip Vortices and Separation Phenomena 
 
Some phenomena that contributes to losses on the wind turbine are tip vortices and flow separation.  
Tip vortices are vortex structures in the wind that appear at the tip of the wind turbine blade.  They are 
induced by the pressure difference between the top surface of the airfoil and the bottom surface at the tip.  
This pressure differential induces a swirling flow at the tip.  There are also vortices at the root.  Two ways 
of modeling the vortices include the Joukowsky wake model and the Betz wake model.  The Joukowsky 
wake model is established on a rotating horseshoe vortex, and the Betz wake model is characterized by 
helical vortex sheets created by the blades [11].  Experimental and numerical findings have shown that tip 
vortices undergo pairing, followed by the entanglement and merging of vortices.  An interesting topic to 
study is the interaction of the root and tip vortex. There are positive and negative effects of the experiment 
size on the results.  Small experiments enable a wide field of view (FOV), but limit the aerodynamic 
performance [11]. It indicates that any advancement generated from the test on the present design could be 
further amplified when it is applied to the full-scale wind turbine. 
Another phenomena that affects the efficiency of the wind turbine is flow separation.  Flow 
separation can lead to losses in the wind turbine power production.  Flow separation occurs when the 
pressure gradient transitions from negative or favorable pressure gradient to positive or adverse pressure 
gradient [12]. When the pressure gradient is negative, the flow accelerates and overcomes the viscous forces 
of the surface [13]. On the contrary, when the pressure gradient is positive the flow decelerates and the 
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boundary layer thickens until the flow reverses and separation occurs.  The separation point is the point 
where flow detaches from the surface.   
A separation bubble is the area on the surface of an object where the laminar boundary layer flow 
separates from the surface, then experiences turbulent behavior, then reattaches to the surface as a turbulent 
boundary layer [14]. The separation bubble is caused by an adverse pressure gradient.  When the boundary 
layer thickens the drag on the object increases.  This drag can be several times the drag of an object with 
no separation bubble.  Sometimes the bubble bursts as the angle of attack increases, which causes the airfoil 
to stall which means the lift coefficient decreases [15].  This decrease in lift coefficient is detrimental to the 
wind turbine performance. One aim with the Houck design is to decrease both of these negative effects on 
wind turbines, the tip vortices and separation. 
1.6. Tip Noise 
 
There are three sources of noise on wind turbines:  trailing-edge noise, tip noise, and inflow   
turbulence noise.  The geometry of the blades can be changed significantly to reduce the noise.  Other ways 
are adjusting the flow velocity at the tip and the pitch.  Most of the noise of the blade comes from the outer 
10-20% of the blade.  This is due to the dependence on flow speed and the large flow speeds at the tips.  
The tip noise is a result of the tip vortex formation. Turbulence results after the separation of the flow from 
the airfoil and directs the flow back toward the trailing edge.  For this reason the tip noise generator system 
seems to be similar to the trailing edge noise generator system.  The intensity of the trailing edge noise 
depends on four quantities; the eddy convection velocity, the angle, the length scale of the turbulent region, 
and normalized turbulence intensity.  The main way of reducing trailing edge noise is by decreasing the 
frequency of the rotor, which reduces the local velocity at the blade.  The normalized turbulence intensity 
and boundary layer thickness can be adjusted by the shape of the airfoil, however,  the best airfoil for 
reducing trailing edge noise is not yet known [16].   
 One issue is reducing the power output in the attempt to reduce the noise.  Adjusting the rotor 
diameter or RPM to reduce noise also reduces power output, so there must be a balance.  Different 
modifications that can be made to reduce trailing edge noise, including reduced rotational speed or blade 
length, swept blade, serrated trailing edge, beveled trailing edge, porous trailing edge, and modified airfoil 
shape.  Reducing the rotational speed or blade length reduces the incoming relative wind velocity.  A swept 
blade increases the angle of attack.  A serrated trailing edge, beveled trailing edge, and porous trailing edge 
reduce the radiation efficiency of the trailing edge.  A modified airfoil shape changes the incoming relative 
velocity and the angle of attack [16]. 
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 Concerning tip noise there were EU projects performed that concluded that changing the tip shape 
may significantly affect the noise from the entire blade.  In this manner, the Houck concept adds a curved 
shape to the tip of the wind turbine.  In previous studies like the ICA project alternative tips were tested.  
These included the ogee tip, shark-fin like tip planform, and the elliptical tip.  The elliptical tip was the 
reference tip, being the most silent commercially available tip.  The ogee and shark-tip had a goal of 
reducing turbulence, and thus the interaction of the turbulence with the trailing edge which produced noise.  
The ogee tip produced 1-3dB more noise than the elliptical tip.  The shark-fin tip also produced more than 
the elliptical tip [16]. 
 
1.7. Biplane Aerodynamics 
 
Before this wind turbine study Houck’s concept was applied to biplane wings for a Micro Air 
Vehicle at the University of Dayton. The results from this study showed that one chord length stagger and 
gap was optimal for the biplane design.  Other parameters tested were decalage, dihedral/anhedral, sweep, 
and overhang; all of which contributed much less than stagger and gap. The highest lift coefficient for the 
parameter decalage occurred for 6⁰ decalage.  The anhedral and dihedral was also studied.  The highest lift 
coefficient occurred for up dihedral, down anhedral.  In the study, gap had a bigger impact on the lift 
coefficient than stagger [17]. 
In the Houck biplane study aspect ratio and total wing area were held constant.  Similarly, the 
exposed blade area was held constant in this Houck wind turbine study. Also, near the end of the Houck 
wind turbine study rotors were designed with the same Reynolds number but different rotor radii [17]. 
In the biplane study downwash was present keeping the flow attached to the lower wing for a longer 
period of time. This reduced the separation effect on the lower wing, which ensured a higher coefficient of 
lift for longer.  Increasing the stagger decreased the lift induced drag at high coefficients of lift.  Another 
advantage to the Houck biplane model with a flow guide was a stronger curved wingtip [17]. 
 
1.8. The Current Horizontal Axis Wind Turbine Blade Design 
 
The current typical horizontal axis wind turbine blade is composed of an airfoil cross-section that 
twists and has a changing chord length along the length of the blade.  The chord length of the airfoil 
decreases toward the tip.  There must be a smaller chord at the tip in order to maintain a similar Reynolds 
number along the radius, and also because of the centrifugal force that acts on the blade.  The Reynolds 
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number varies along the length of the blade.  This number depends on the chord length and incoming 
relative wind velocity.  The twist angle decreases toward the tip as well.  The pitch angle, the angle between 
the chord line and the blade plane of rotation, is adjusted to ensure an optimal angle of attack at all sections 
along the blade.  The relative wind velocity varies along the length of the blade because the different 
sections of the blade are traveling at different speeds. For example, the tip is spinning much faster than the 
root of the blade.  Since the incoming freestream wind remains the same, the changing of the velocity 
perpendicular to the freestream causes a change in the relative velocity along the length of the blade.  It is 
important that the angle of attack is optimized at each cross section so that the maximum amount of lift is 
obtained at each cross section.  The horizontal axis wind turbine utilizes the lift force to produce power.  
The optimal angle of attack occurs at the max coefficient of lift over drag for the particular airfoil. 
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Chapter 2 – Experimental Setup 
2.1.     Important Quantities to Measure 
 
 The most important quantity to measure is the amount of power that the wind turbine captures from 
the wind as discussed in Chapter 1.  Wind turbines are used to manufacture electricity which is transported 
across the world.  The amount of available power in the wind is 
 𝑃𝑤 =
1
2
𝜌𝐴𝑈3.     (1) 
𝜌 represents the air density, 𝐴 represents the area swept by the wind turbine, and 𝑈 represents the wind 
velocity.  The power produced by the wind turbine, which is a percentage of the power in the wind, is the 
torque, 𝜏, times the angular velocity, 𝜔,    
   𝑃 = 𝜏𝜔.      (2) 
 Another useful quantity to measure is the wind thrust on the wind turbine structure.  This is the 
force of the wind on the structure.  It is calculated using the conservation of linear momentum in a control 
volume surrounding the turbine, which is represented by an actuator disc, where state 1 is upstream of the 
turbine and state 4 is downstream [2].  The wind thrust is 
 𝑇 = 𝑈1(𝜌𝐴𝑈)1 − 𝑈4(𝜌𝐴𝑈)4.      (3) 
     In this study the power measurements were made with a Hottinger Baldwin Messtechnik T20WN/0.2Nm 
torque transducer with 0.2% nonlinearity and hysteresis accuracy.  This transducer had two shafts extruding 
from the ends.  One attached to the wind turbine rotor and one attached to the motor as shown in Figure 7. 
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Figure 7 – The torque transducer is connected to a coupler which is connected to a motor inside the nacelle.  This setup is for the 
power measurements.  This is a view inside the nacelle. 
A motor was used to increase the rotational rate in order to adjust the tip speed ratio 𝜆, another very 
important parameter for this investigation.  The tip speed ratio (TSR) is  
   
 𝜆 =
𝜔𝑅
𝑈
,      (4) 
which is the ratio of the speed of the blade tip over the speed of the incoming wind.  This is a very important 
variable for this study.  In Equation 4, 𝜔 is the angular velocity, 𝑅 is the rotor radius, and 𝑈 is the incoming 
freestream wind velocity.   
The torque transducer measured not only the torque but also the angular velocity of the rotor.  The 
software Catman Easy was utilized to take the torque and angular velocity data.  It is shown below in Figure 
8. 
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Figure 8 – An image of the Catman Easy software used to record the torque and angular velocity of the wind turbine. 
 
The rotational rate was also verified by a tachometer, Monarch Instrument PLT200.  A silver reflective 
piece of tape was attached to the hub, and a laser from the tachometer detected the tape as the rotor spun to 
count the rotations per second.  The tachometer’s accuracy was ±0.01%.   
Further, the wind thrust was measured using a force balance JR3 load cell, model 30E12A-140.  
This device measures the force on three orthogonal axes as well as the moment about each axis with 
±0.25% of the 40𝑁 maximum.  An image of the load cell is shown in Figure 9. 
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Figure 9 – This image shows the JR3 load cell which is located below the wind tunnel test section. It is connected to the nacelle 
by the tower. 
A program in LabVIEW was utilized to take the force/thrust data.  The force LabVIEW data recording 
program is shown below in Figure 10. 
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Figure 10 – Image of the LabVIEW program for force and moment data collection. 
 
 
17 
 
 Further, flow measurements were taken of the flow field using Particle Image Velocimetry (PIV).   
The PIV setup is shown in Figure 11. 
 
 
Figure 11 – The PIV setup for the experiment. 
 
This is a method of obtaining the velocity vectors of a flow field using tiny tracer particles, such as smoke 
in this set of experiments, and taking consecutive pictures of the flow field.  The wind blows into the test 
section where the tower, nacelle, and wind turbine rotor are located.  A laser is connected to the Digital 
Delay Generator (DDG), which controls the timing of the laser pulses.  This laser reflects off the mirror 
and shines directly through the middle of the nacelle.  Particles passing through the laser beam are 
illuminated then pictures are taken of them with the charge-coupled device (CCD) camera.  Two 
consecutive PIV images are shown in Figure 12.  These images are recorded in the computer for further 
processing.  The tachometer keeps track of the revolutions the turbine spins to keep time for the DDG.  
Phased-locked PIV was utilized where the flow field was analyzed at different blade positions during the 
rotation.  In the experiments a wind velocity of 10
𝑚
𝑠
 was set for the incoming freestream wind velocity.  
By calculating the distance between the particles from picture to picture and the time interval, a velocity 
can be obtained.  With this velocity the vorticity and turbulent kinetic energy can be determined.   
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Figure 12 – Two consecutive PIV images with smoke particles illuminated by the laser. 
 
 
 The last test administered on the blades was an acoustic measurement of the sound emissions from 
the tip of the blade.  For this a prepolarized free-field microphone was used to measure the farfield noise as 
shown in Figure 13. 
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Figure 13 – A microphone was placed behind the nacelle to measure the acoustic emission. 
 
 
A measurement of the background noise was performed followed by measurements with the blades 
spinning.  The LabVIEW program used to take the acoustic data is shown below in Figure 14.
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Figure 14 – The LabVIEW program used to take the acoustic data. 
2.2.  Transformation from raw data to analyzed results 
 
 The torque and angular velocity data was used to calculate power and then the power was 
transformed into a coefficient of power, 𝐶𝑝, which is  
 𝐶𝑝 =
𝑃
1
2
𝜌𝑈3𝐴
=
𝑅𝑜𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟
𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑
,      (5) 
the fraction of the power in the wind that the wind turbine captures.  𝑃 represents power, 𝜌 represents 
density, 𝑈 represents incoming wind speed, and 𝐴 represents rotor area.  The force data was transformed 
into a coefficient of thrust, 𝐶𝑇, which is  
 𝐶𝑇 =
𝑇
1
2
𝜌𝑈2𝐴
=
𝑇ℎ𝑟𝑢𝑠𝑡 𝑓𝑜𝑟𝑐𝑒
𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑜𝑟𝑐𝑒
,      (6) 
where 𝑇 represents thrust. 
 The PIV velocity data was transformed into a vorticity and turbulent kinetic energy.  The vorticity 
is  
 𝑤 = ∇×𝑣,  (7) 
where 𝑣 is the flow velocity.  The turbulent kinetic energy is  
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 𝑇𝐾𝐸 =
1
2
(𝑢′
2
+𝑣′
2
)
𝑈2
.                       (8) 
𝑢′ is the turbulent fluctuation in the x-direction, 𝑣′ is the turbulent fluctuation in the y-direction, and 𝑈 is 
the incoming freestream velocity. 
 
The sound data was recorded in volts then converted to decibels by the following equation, where 
𝑉 represents volts,   
 𝑆𝑜𝑢𝑛𝑑 𝐿𝑒𝑣𝑒𝑙 = 20×𝑙𝑜𝑔((𝑉/0.026)/(20×10−6). (9) 
The volts were divided by 0.026 to convert the voltage reading into a pressure level.  This number was 
given as the calibration constant by the manufacturer. 
 
2.3.   Designing and 3D printing procedure 
 The model wind turbine blades were designed using the 3D CAD software SolidWorks.  They 
were printed with a ProJet HD 3000 3D printer.  The parts were printed on a metal platform with a few 
layers of wax supporting and covering the outside of the part.  Once printed the platform was removed 
from the printer and placed in a refrigerator in order to remove the wax and part from the metal platform 
more easily.  Then the wax covered parts were placed in an oven to melt the wax off.  After the wax 
melted the parts were placed in heated oil to remove the residual wax attached to the surface.  Finally, the 
parts were washed in warm, soapy water to remove the oil from the surface. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
22 
 
Chapter 3 – Airfoil Choice and Design Parameters 
 
3.1.     Airfoil Choice  
 
 The airfoil choice was based off of a high coefficient of lift versus angle of attack curve.  Various 
airfoils were tested using a software called Qblade, and S826 came out with the best results.  S826 was used 
for the cross sections of the main blade and NACA 0012 was used for the flow guide.  NACA 0012 is a 
symmetric airfoil.  These two airfoils are shown in Figure 15.   
 
Figure 15 – The airfoils S826 and NACA 0012 were used for the blade design, S826 for the main blade and NACA 0012 for the tip. 
 
3.2.     Design Parameters 
 
The critical design parameters for the novel wind turbine design include gap, stagger, and decalage.  
These parameters are shown in the figure below with s being stagger, g being gap, and δ being decalage.  
Stagger is the horizontal distance between leading edges, gap is the vertical distance between leading edges, 
and decalage is the angle between the chord lines.   
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Figure 16 – Stagger, gap, and decalage defined geometrically.  Stagger (s) is the horizontal distance between leading edges, gap 
(g)is the vertical distance between leading edges, and decalage (δ ) is the angle between the chord lines.  [17] 
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Chapter 4 – Blade Designs 
4.1.  All blades 
 
 The blades were numbered for convenience of differentiating them.  A table of the numbered blades 
is shown below. No. 0 through No. 8 plus No. 13 were designed for an optimum performance at tip speed 
ratio of 5.  The Single-blades were designed for a Reynolds number of 40,000 at three-fourths of the way 
down the blade.  The Double-blades were designed for a Reynolds number of 20,000 at three-fourths of the 
way down the blade.  No. 9 through No. 12 were designed for an optimum performance at a TSR of 6.  No. 
10, the Single-blade, was designed for a Reynolds number of 62,000 at three-fourths of the way down the 
blade.  No. 9, the Double-blade, was designed for a Reynolds number of 31,000 at three-fourths of the way 
down the blade.  No. 11 and No. 12 were both designed for a Reynolds number of 31,000 at three-fourths 
of the way down the blade. 
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Table 1:  All the blades labeled. 
Blade Number Blade Description 
0 Baseline Single-blade designed for TSR=5 
1 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=5 
2 Double-blade - Constant, Root Chord Length Gap and Varied Stagger, TSR=5 
3 Double-blade - One Chord Length Stagger and One Chord Length Gap, 2 degrees 
decalage, TSR=5 
4 Double-blade - Constant, Root Chord Length Gap and Stagger, TSR=5 
5 Double-blade - Constant, Root Chord Length Stagger and Varied Gap, TSR=5 
6 Double-blade - One Chord Length Reverse Stagger and Reverse Gap, TSR=5 
7 Double-blade - Reverse Chord and One Chord Length Reverse Stagger and Gap, 
TSR=5 
8 Double-blade - One Chord Length Stagger and One Chord Length Gap, Ring Hub, 
TSR=5 
9 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=6 
10 Single-blade, TSR=6 
11 Single-blade, Small Chord (Reynolds number comparison), TSR=6 
12 Double-blade, Short Radius (Reynolds number comparison), TSR=6 
13 Double-blade, Negative Stagger, Constant, Root Chord Length Stagger and Varied 
Gap, TSR=5 
 
4.2. No. 0 Single Blade designed for TSR=5 
 
 This is the baseline single-blade, using the S826 airfoil, for comparison with the double-blade 
designs.  The single-blade model represents the modern horizontal axis wind turbine blade, while the 
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double-blade model represents two modern blades joined by a flow guide at the tip.  This single-blade has 
the same exposed surface area as the double-blades it is compared to.  This is accomplished by doubling 
the chord length of the single-blade.  It is designed for a tip speed ratio of 5 and Reynolds number of 40,000 
at three-fourths of the way down the blade.  The diameter of the hub is 44𝑚𝑚 and the blade length is 
128𝑚𝑚 for a total rotor radius of 150𝑚𝑚. The hub diameter is relatively large compared to a real-life 
wind turbine. This is because the double-blade rotor hub needs more space to hold the two blades, and for 
fair comparison, the hub for the single-blade rotor must be the same size. An image of the blade is shown 
below in Figure 17, and the pitch and chord length distributions are shown in Figure 18 and Figure 19. 
 
Figure 17 - No. 0 Single-blade designed for TSR 5. 
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Figure 18 - Pitch distribution for No. 0 Single-blade designed for TSR 5. 
 
 
Figure 19 - The chord length distribution for No. 0 Single-blade designed for TSR 5. 
4.3.     No. 1 Double Blade - One Chord Length Stagger and One Chord Length Gap, 
TSR=5 
A previous study of stagger and gap for biplanes with a flow guide curve at the wingtip proved that 
increasing the gap and stagger to one chord length greatly increases the coefficient of lift as seen in Figure 
20 with smaller increases beyond one chord length.  [17] 
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Figure 20 – Lift coefficient versus stagger for various gaps from biplane study.  [17] 
 
One chord length gap and stagger was utilized for this wind turbine model design.  Figure 21 is an image 
of the design.  The diameter of the hub is 44𝑚𝑚 and the blade length is 128𝑚𝑚 for a total rotor radius of 
150𝑚𝑚.  Figure 22 displays the stagger and gap at the root and tip with appropriate airfoils.  The orientation 
of this is looking down the blade from the tip.  
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Figure 21 - No. 1 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=5. 
 
Figure 22 – Looking down the blade, a representation of root and tip locations for No. 1 Double-blade - One Chord Length 
Stagger and One Chord Length Gap, TSR=5 with units mm. 
The chord length distribution for the blade design is shown below in Figure 23.  The pitch 
distribution is the same as for the single blade, No. 0, in Figure 18.  The chord and pitch distributions are 
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equivalent for both the upper and lower blades.  This blade was designed for a tip speed ratio of 5 and 
Reynolds number of 20,000 at three-fourths of the way down the blade. 
 
 
 
Figure 23 - Chord distribution for No. 1 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=5. 
 
4.4.     No. 2 Double-blade – Constant, Root Chord Length Gap and Varied Stagger, 
TSR=5 
 
This model utilized the root chord length for the gap and the original chord distribution in Figure 
23 for stagger.  Figure 24 gives a view looking down this blade. 
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Figure 24 – Looking down the blade, a representation of root and tip locations for No. 2 Double-blade - Constant Root Chord 
Length Gap and Varied Stagger, TSR=5  with units mm. 
4.5.     No. 3 Double-blade - One Chord Length Stagger and One Chord Length Gap, 
2 degrees decalage, TSR=5 
 
This model utilizes the one chord length stagger and gap from Double-blade No. 1 with a 2 degrees 
decalage added.  This means there is a 2 degree difference between the pitch angles of both airfoils along 
the length of the blade as can be seen in Figure 25. 
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Figure 25 -  Looking down the blade a representation of root and tip locations for No. 3 Double-blade - One Chord Length 
Stagger and One Chord Length Gap, 2 degrees decalage, TSR=5 with units mm. 
 
  
4.6.     No. 4 Double-blade – Constant, Root Chord Length Gap and Stagger, TSR=5 
 
In an effort to take advantage of the theoretical small increases beyond one chord length gap and 
stagger the gap and stagger were increased to the root chord length, increasing the gap and stagger toward 
the tip as seen in Figure 26.  Figure 27 gives a view down the blade. 
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Figure 26 - No. 4 Double-blade – Constant, Root Chord Length Gap and Stagger, TSR 5. 
 
 
Figure 27 – Looking down the blade a representation of root and tip locations for No. 4 Double-blade with units mm. 
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4.7.   No. 5 Double-blade - Constant Root Chord Length Stagger and Varied Gap 
 
This model utilized the root chord length for stagger and has a varied gap as can be seen in  
Figure 28. 
 
Figure 28 – Looking down the blade, a representation of the root and tip locations for No. 5 Double-blade - Constant Root 
Chord Length Stagger and Varied Gap, TSR=5  with units mm. 
 
4.8.   No. 6 Double-blade - One Chord Length Reverse Stagger and Reverse Gap 
 
This model has a reverse stagger and gap meaning small stagger and gap at the root and large 
stagger and gap at the tip.  This enables a much smaller hub since the stagger and gap are small near the 
hub.  The hub diameter is 20mm while the blade length is 140mm, making the rotor radius 150mm.  An 
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image of it is below in Figure 29.  Also, a view looking down the blade is shown in Figure 30.  The stagger 
and gap are shown in Figure 31. 
 
Figure 29 - No. 6 Double-blade - One Chord Length Reverse Stagger and Reverse Gap, TSR=5. 
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Figure 30 – Looking down the blade, a representation of root and tip locations for No. 6 Double-blade – One Chord Length 
Reverse Stagger and Reverse Gap, TSR=5 with units mm. 
 
Figure 31 – Stagger and Gap versus Rotor Radius for No. 6 Double-blade – One Chord Length Reverse Stagger and Reverse 
Gap, TSR=5. 
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4.9.  No. 7 Double-blade - Reverse Chord and One Chord Length Reverse Stagger 
and Gap, TSR=5 
 
This model has a reverse chord length and reverse stagger and gap of one chord length.  This one 
also has a hub diameter of 20mm while the blade is length 140mm.  There is a very large chord at the tip 
and a small chord at the root, as seen in Figure 32.  This blade was designed in this way, since there is a lot 
of force at the tip, with the blade spinning the fastest at the tip.  Figure 33 shows a view looking down the 
blade, and Figure 34 shows the chord length, stagger, and gap along the length of the rotor. 
 
Figure 32 - No. 7 Double -blade - Reverse Chord and One Chord Length Reverse Stagger and Gap, TSR 5. 
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Figure 33 – Looking down the blade, a representation of root and tip locations for No. 7 Double-blade - Reverse Chord and One 
Chord Length Reverse Stagger and Gap, TSR=5 with units mm. 
 
Figure 34 – Chord Length and Stagger and Gap versus Rotor Radius for No. 7 Double-blade - Reverse Chord and One Chord 
Length Reverse Stagger and Gap, TSR=5. 
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4.10. No. 8 Double-blade - One Chord Length Stagger and One Chord Length Gap, 
Ring Hub, TSR=5 
 
This model has the same blade as double-blade No. 1 but a different hub.  The hub for this situation 
has rings to which the roots are attacheded, instead of a solid one-piece hub.  The idea for this rotor was to 
reduce the hub size.  The stagger and gap parameters require a very large hub because it has to be big 
enough to fit the expanse of the stagger and gap.  An image of this unique hub and rotor are shown in Figure 
35. 
 
 
Figure 35 - No. 8 Double-blade - One Chord Length Stagger and One Chord Length Gap, Ring Hub, TSR=5. 
 
4.11.  No. 9 Double-blade - One Chord Length Stagger and One Chord Length Gap, 
TSR=6 
 
This model is very similar to double-blade No. 1 except it is designed for a tip speed ratio of 6 
instead of 5.  It is also designed for a Reynolds number of 31,000 at three-fourths of the way down the 
blade.  Figure 36 and Figure 37 show the pitch and chord distribution. 
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Figure 36 - Pitch distribution for No. 9 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=6. 
 
 
Figure 37 - Chord distribution for No. 9 Double-blade - One Chord Length Stagger and One Chord Length Gap, TSR=6. 
 
4.12. No. 10 Single-blade designed for TSR 6 
 
This model is the Single-blade to be compared to No. 9.  It has a tip speed ratio of 6 as well, and it 
has the same pitch distribution.  The Reynolds number is 62,000 at three-fourths of the way down the blade.  
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The chord is doubled to ensure the same exposed surface area.  The chord length distribution is shown in 
Figure 38. 
 
Figure 38 - Chord distribution for No. 10 Single Blade, TSR=6. 
 
 
4.13. No. 11 and No. 12 - Single-blade, small chord; Double-blade, short radius 
(Reynolds number comparison), TSR=6   
 
These two models were designed to have the same Reynolds number on the blade.  The rotor radii 
are adjusted so that the same surface area is exposed.  Thus, there is the same surface area and span for the 
two rotors.  The diameter of both hubs is 44mm.  The blade length for the single is 128mm, and the blade 
length for the double is 64mm.  The design tip speed ratio is 6 and the Reynolds number is 31,000.  An 
image of the Single-blade is given in Figure 39.  The corresponding pitch and chord length are shown in 
Figure 40 and Figure 41.  The double-blade is shown in Figure 42 followed by the pitch and chord length 
in Figure 43 and Figure 44. 
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Figure 39 - No. 11 - Single-blade, small chord (Reynolds number comparison), TSR=6 
 
Figure 40 - Pitch distribution for No. 11 - Single-blade, small chord (Reynolds number comparison), TSR=6. 
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Figure 41 - Chord distribution for No. 11 - Single -blade, small chord (Reynolds number comparison), TSR=6. 
 
Figure 42 - No. 12 - Double -blade, short radius (Reynolds number comparison), TSR=6. 
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Figure 43 - Pitch distribution for No. 12 - Double-blade, short radius (Reynolds number comparison), TSR=6. 
 
Figure 44 - Chord distribution for No. 12 - Double-blade, short radius (Reynolds number comparison), TSR=6. 
 
4.14. No. 13 Double-blade, Negative Stagger, Constant, Root Chord Length Stagger 
and Varied Gap, TSR=5           
 
This model is the same as Blade No. 5 except the stagger is reversed so there is negative instead of 
positive stagger as seen in Figure 45. 
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Figure 45 - No. 13 Double Blade, Negative Stagger, Constant Root Chord Length Stagger and Varied Gap, TSR=5. 
The difference in negative and positive stagger can be seen in Figure 46.  For the positive stagger the back 
blade interacts with the wind first.  For the negative stagger, the top blade interacts with the wind first. 
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Figure 46 - Positive stagger versus negative stagger blade. 
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Chapter 5 – Power and Thrust Results 
 
5.1.   Power Results 
 
The coefficient of power versus tip speed ratio was recorded for all models.  No. 5 showed some 
improvement over No. 0 as seen in Figure 47.  The other blades did not show improvement over No. 0, the 
baseline single blade.  The power coefficient of No. 5 had about 7% increase over that of No. 0 at tip speed 
ratio 4.  It had a lower coefficient of power at a tip speed ratio below 3.5. The power curve for No. 4 aligned 
with that of No. 0 at a tip speed ratio of 3.5 to 4.5.  At the tip speed ratio of 3.5 Blade No. 0 is about 25% 
better than No. 1.  The percentage decreases at higher tip speed ratios. No. 13 overlaps No. 4 at the tip speed 
ratio of 3.  The power curve for No. 13 overlaps the power curve of No. 1 from tip speed ratio of 3.8 to 4.5.  
These blades were designed for a tip speed ratio of 5, however the experimental tip speed ratio ends up 
being 3, likely because the angle of attack was not at its optimal point.  Another interesting observation is 
that No. 5 tends to have a higher experimental tip speed ratio than No. 0 and No. 1.  This is likely attributed 
to the fact that the separation was suppressed by the double-blade mechanism.  All of these blades were 
designed for the same sectional Reynolds number and angle of attack.  However, due to the suppressed 
separation the rotation is going faster and thus there is a higher tip speed ratio.  This effect is absent in the 
presence of other blades as there tip speed ratio remains 3 instead of 3.5.   The 7% increase of No. 5 is 
likely due to the double-blade effect where the separation of the second blade is suppressed resulting in 
higher lift and lower drag and ultimately more power since this is a lift driven machine.  Having two blades 
rather than one significantly affects the wind passing through as the wind must interact with two solid 
objects instead of one.  There is room for more research to be done on this interaction.  Future Particle 
Image Velocimetry (PIV) studies of the region between the blades could further show the flow structure in 
this region and give clues to predicting the behavior of double-blades.      
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Figure 47 – Coefficient of Power versus Tip Speed Ratio plot for design TSR=5 for blades No. 0, 1, 4, 5, 13. 
 
At a higher design tip speed ratio of 6, No 10. and No. 9 have higher coefficient of power than No. 
0 and No. 1.  The increase between No. 0 and No. 10 is 55% at the tip speed ratio 4.0.  The increase between 
No. 1 and No. 9 is 94%.  For most tip speed ratios No. 10 has a higher coefficient of power than No. 9 as 
seen in Figure 48.  The power curve for blade No. 9 and No. 10 overlap at tip speed ratio of 4.0.  No. 9 has 
a larger power coefficient below tip speed ratio 4.0.  This is 6% more than No. 10.  Above tip speed ratio 
of 4.0 No. 10 has a larger power coefficient than No. 9.  The experimental tip speed ratio is about 3.5 due 
likely to the angle of attack not being optimal or the root creating unexpected drag.  Blade No. 10 and No. 
9 are designed for a higher tip speed ratio than No. 0 and No. 1.  This was done to try and enhance the 
power output, which it did.  The visual of this can be seen when comparing Figure 47 to Figure 48.  By 
increasing the tip speed ratio the angle of the section of airfoil relative to the plane of rotation is smaller.  
With this angle smaller the velocity of the blade in the plane of rotation increases.  A larger velocity and 
thus rotation speed results in higher power output. 
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Figure 48 - Coefficient of Power versus Tip Speed Ratio for design TSR=6 for Blade No. 9 and 10. 
 
Table 2 displays the angle of attack, tip speed ratio, and Reynolds number for different blades.  The angle 
of attacks are fairly high compared to the optimal angle of 9⁰ to 12⁰ calculated with Qblade which means 
there likely was separation, and this explains why the experimental tip speed ratio was lower than the design 
tip speed ratio.  By adjusting the designed angle of attack more appropriately one could adjust the tip speed 
ratio and reduce the separation.  However, with separation present it allows there to be an observation of 
the suppressing of the separation. 
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Table 2:  Angle of Attack, Tip Speed Ratio, and Reynolds number along the length of the blade. 
Blade/position AOA TSR Reynolds Number (single blade/double blade) 
No. 
0,1,2,3,4,5,6,7,8 
/ Root 
11.33⁰ 3 37,494/18,747 
No. 
0,1,2,3,4,5,6,7,8 
/ 50% of radius 
15.578⁰ 3 36,819/18,409 
No. 
0,1,2,3,4,5,6,7,8 
/ 75% of radius 
17.08⁰ 3 30,678/15,339 
No. 
0,1,2,3,4,5,6,7,8 
/ Tip 
16.12⁰ 3 29,984/14,992 
No. 9, 10 Root 17.39⁰ 3.5 44,716/22,358 
No. 9, 10 / 50% 
of radius 
14.0649⁰ 3.5 44,754/22377 
No. 9, 10 / 75% 
of radius 
12.514⁰ 3.5 38,762/19,381 
No. 9, 10 / Tip 11.32⁰ 3.5 41,250/20,625 
 
 
No. 11 had a higher coefficient of power than No. 12 as seen in Figure 49.  No. 11 produced the 
highest power output of all the models with a 0.215 coefficient of power.  Blade No. 11 and 12 were simply 
manufactured to try a different comparison between the single-blade and double-blade where the exposed 
surface area was still equal.  In this comparison the double-blade has half the rotor radius of the single-
blade, however the surface area remains the same since the double-blade has two blades and the single-
blade only has one blade.  In the other comparisons the radii were the same but the single-blade had twice 
the chord length of the double-blade.  No. 11 and No. 12 showed more deviation between the double-blade 
and the single-blade than No. 0 and No. 1 or No. 9 and No. 10.   This deviation could be due to the size of 
the rotors as the double-blade had half the rotor radius of the single-blade.   This involves the loss of the 
high wind speed area at the outer radius of the double-blade.  No. 11 had the highest coefficient of power 
of all the blades perhaps due to either a more wind capturing root or lighter weight of the smaller chord 
length blade. 
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Figure 49 – Coefficient of Power versus Tip Speed Ration for Blade No. 11 and 12. 
One portion of the novel designs that could be improved upon is the flow guide airfoil design.  At this time 
there is a blending from the tip with NACA 0012 to the blade region with S826.  This however could be 
optimized with various airfoil shapes to get the most power out of the flow guide where the very high 
relative wind speeds occur. 
 
5.2.  Thrust Coefficient Results 
 
The least thrust coefficient came from No. 13, then No. 4, No. 5, and No. 0 as shown in Figure 50.  
Below a tip speed ratio of 3.8 No. 13 had the least thrust coefficient followed by No. 4, No. 0, and No. 5.  
The thrust coefficient is critical because it gives an indication of the amount of force being applied to the 
tower.  The strength of the tower is important to ensure the fixture is steady and safe.  Ideally, the thrust 
would not increase for the double-blade so that the current tower model would be suitable for the novel 
design.  For most tip speed ratios the double-blade thrust is not more than the single-blade.  They are very 
close. 
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Figure 50 – Coefficient of Thrust versus Tip Speed Ratio for design TSR=5 for Blade No. 0, 4, 5, and 13. 
 
No. 9, the double-blade, has a lower thrust coefficient than No. 10, the single-blade, as seen in 
Figure 51.  At TSR of 4 No. 0 is 1.8 times lower than No. 10, and No. 1 is 1.9 times lower than No. 9.  
Thus, thrust increases with the increase in tip speed ratio. 
0.2
0.25
0.3
0.35
0.4
0.45
0.5
1 2 3 4 5 6
C
T
TSR
CT vs TSR for Design TSR 5
No. 0
No. 4
No. 5
No. 13
 
 
53 
 
 
Figure 51 – Coefficient of Thrust versus Tip Speed Ratio for design TSR=6 for Blade No. 9 and 10. 
 
 
 
No. 12 has a lower coefficient of thrust than No. 11 as seen in Figure 52 so the current tower size would be 
suitable for this new blade setup.  The thrust on the double-blade, No. 12, is much lower so perhaps a tower 
made of less expensive material could be used since not as much force is acting on the tower. 
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Figure 52 – Coefficient of Thrust versus Tip Speed Ratio for Blade No. 11 and 12. 
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Chapter 6 – PIV Results – Mean Velocity 
 
  6.1.   No. 0 and No. 5 TSR 3.6 
 
As can be seen in Figure 53, No. 5 has a higher flow velocity distribution in the wake for tip speed 
ratio (TSR) 3.6.  This can be noticed by more yellow and red colors behind the rotor versus green.  This 
means that there is more flow energy in the wake of No. 5 compared to No. 0.  These images in Figure 53 
represent different phases of the blade as it goes through its revolution and thus different wakes over time.  
Notice a large region of high velocity at the top where the freestream is 10 𝑚/𝑠, then lower speeds below 
this in the wake.  There is a return to the red around the root area of the wake.  This red is less magnified 
in No. 5 compared to No. 0 representing some more of the flow energy being consumed by the root of No. 
5.  In the power results at TSR of 3.6 the power for No. 0 and No. 5 were equivalent. 
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Figure 53 – No. 0 PIV Mean Velocity results on the left and No. 5 PIV Mean Velocity results on the right for TSR 3.6 for different 
blade angular positions. 
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Figure 54 – Diagram for the flow structure for different stagger arrangement. 
The improved flow in the wake of Blade No. 5 can be explained by the suppression effect from the 
upper blade as demonstrated in Figure 54. The wake from the upper blade tilts downward.  With an 
appropriate stagger distance, the downwash from the upper blade can help suppress the flow separation on 
the top surface of the lower blade and thus enhance the lift generation from this blade. But if the stagger 
distance is less than the appropriate distance, the downwash could not reach the top surface of the lower 
blade and thus no distinguishable effect will be observed as other designs presented. The key is adjusting 
the stagger as a variable of angle of attack, decalague, and gap.  By adjusting the stagger which is dependent 
on these three variables one can maximize the separation suppression which results in an increase in lift, 
decrease in drag, and ultimately more power.  The goal is to suppress the separation as much as possible 
through the design parameters so that more power can be extracted and the flow energy of the wake is more 
organized and in a better state for the successive wind turbines.  If, for example, the gap is too small the 
suppression may not take place because the flow from the top blade goes beyond the bottom blade.  This is 
why it is important to consider all of the variables that are dependent on the separation suppression.  The 
stagger appears to be the most important factor followed by gap, angle of attack, and decalague.  The flow 
interaction of the top blade could changes the effective angle of attack for the bottom blade where decalague 
will come into play to get the optimal lift from the top and bottom blades. 
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6.2.   No. 0 and No. 5 TSR 4  
  
At a TSR of 4 No. 5 also had more flow energy than No. 0, as seen in Figure 55.  The low flow 
energy, in terms of blue contour in the map could be resulted from two mechanisms, more flow energy 
extraction or more separation. But for the current situation, the power output for the blade No. 0 is less than 
No. 5, which means that the more energy extraction is not valid. The less flow energy in the wake of blade 
No. 0 is solely induced by the separation over the blade. As mentioned earlier, at a TSR of 4, No. 5 had a 
7% increase in power over No. 0.   
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Figure 55 – No. 0 PIV Mean Velocity results on the left and No. 5 PIV Mean Velocity results on the right for TSR 4 for different 
blade angular positions. 
The mean velocity can be extracted from the previous PIV velocity results to get a comparison of 
the velocities at different x-positions along the nacelle as shown in Figure 56.  One can notice the 10 m/s 
incoming wind speed from the y-position of 150 mm to 200 mm.  In the region from y-position 80 to 125 
there is a larger flow speed in the wake of No. 5 compared to No. 0 at x-position of 70 mm, 110 mm, and 
145 mm.  This represents the larger flow speed and thus flow energy that is present in the wake of the 
double-blade. 
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Figure 56 – Mean velocity behind the nacelle at x-position 70 mm, 110 mm, and 145 mm.  The y-axis represents the y-direction 
along the flow field. 
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6.3.  No. 0 and No. 13 TSR 3.6 
 
No. 13 has much more flow energy than No. 0.  For the power results it is opposite though, with 
No. 13 having 22% less power than No. 0.  In this case less power is being extracted and it is reasonable to 
observe that there is more flow energy left downstream of the turbine blades since less is removed from the 
incoming side of the wind turbine.  No. 13 has even more flow energy than No. 5 if one compares Figure 
53 and Figure 57. 
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Figure 57 – No. 0 PIV Mean Velocity results on the left and No. 13 PIV Mean Velocity results on the right for TSR 3.6 for 
different blade angular positions. 
6.4.  No. 0 and No. 13 TSR 4 
 
Figure 58 represents the phase-locked velocity measurement results for blade No. 0 and No. 13. It can be 
observed that blade No. 13 again has more flow energy in the wake than blade No. 0 for a TSR 4, with 44% 
less power output.  The increase in flow energy is still advantageous for this model as it allows downstream 
models in wind farms have better flows to capture energy from.  It is then a balancing act between how 
much the first wind turbine produces compared to successive wind turbines. 
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Figure 58 – No. 0 PIV Mean Velocity Results on left and No. 5 PIV Mean Velocity Results on right for TSR 4 for different blade 
angular positions. 
 
6.5.  No. 10 and No. 9 TSR 4 
 
Compared to the blades No. 0 and No. 1, No. 10 and No. 9 are designed with a higher TSR. The 
higher TSR will increase the local relative velocity with a similar angle of attack. Thus the absolute lift 
force increases correspondingly. Therefore, more power was extracted by the rotor blades, and thus a very 
low speed region was observed downstream of these two models. No. 9 has more flow energy in the wake 
than No. 10 and the same power output at a TSR of 4, as seen in Figure 59.  Also as discussed in the power 
section more power is extracted from these two than No. 0 and No. 1 and that is evidenced by less flow 
energy in the wake of No. 10 and No. 9. It can be seen that the high TSR design generates a very low speed 
region in the wake, which will make the wake very hard to recover. For a wind farm containing multiple 
wind turbine arrays, enough space is needed for the wind flow downstream of turbines to recover to an 
appropriate level in order to make downstream wind turbines perform properly. 
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Figure 59 – No. 10 PIV Mean Velocity Results on left and No. 9 PIV Mean Velocity Results on right for TSR 4 for different blade 
angular positions. 
The mean velocities extracted at x-locations 70 mm, 110 mm, and 145 mm is shown in Figure 60.  One 
can see the incoming wind speed of about 10.5 m/s at the y-position of 150 mm to 200 mm.  Below this at 
the y-position of 80 mm to 150 mm there is a larger mean velocity for No. 9 compared to No. 10 for x-
position 70 mm and 110 mm.  In x-position 145 mm the larger speed is seen from y-position 100 mm to 
150 mm.  In all cases we see a region of increase in the speed of the wake and thus the flow energy for the 
double-blade. 
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Figure 60 – Mean velocity at x-positions 70 mm, 110 mm, and 145 mm along the nacelle.  The y-axis represents the y-direction of 
the wake. 
6.6.  No. 10 and No. 9 TSR 4.5 
 
Blade No. 9 has more flow energy than blade No. 10 and a 50% power decrease over No. 10 at a 
TSR of 4.5 as seen in Figure 61.  It can be observed that in the region of tip vortices, a higher speed region 
was observed for blade No. 9. This might be attributed to two causes. One, as discussed earlier, is that the 
suppression effect from the upper blade helps to reduce the separation. The other reason for this might be 
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attributed to the fact that the radial-direction flow along the blade was restricted by the flow guide and 
added into the wake flow. Therefore more momentum was observed downstream of the tip. 
 
 
 
 
 
 
 
74 
 
 
 
 
 
 
75 
 
 
Figure 61 – No. 10 PIV Mean Velocity Results on left and No. 9 PIV Mean Velocity Results on right for TSR 4.5 for different 
blade angular positions. 
6.7.  No. 11 TSR 4.1 
 
Blade No. 11 was designed for comparison with No. 12. Since the most power coefficient was 
observed from the blade, the PIV measurements was conducted on this case as well. No. 11 has a lower 
flow energy in the wake than No. 5 for a TSR of 4.1, which can be observed in Figure 62.  As the blade 
chord length was reduced to half, the local Reynolds number was also reduced to half. This alteration might 
do a favor for the aerodynamic performance of the blade. Therefore more flow energy was extracted by the 
No. 11 blade. 
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Figure 62 – No. 11 PIV Mean Velocity Results for TSR 4.1 for different blade angular positions. 
6.8.  No. 11 TSR 4.5 
 
Similar to the case at TSR of 4.1, blade No. 11 has lower flow energy in the wake than blade No. 
5 for a TSR of 4.5 as well, as seen in Figure 63.  Thus, as more energy is being extracted from the wind 
there is less flow energy in the wake of No. 11.  This is not an ideal wake for a wind farm as there is not 
much energy for successive wind turbines to capture, i.e., it will need a longer distance to recover the flow 
field. 
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Figure 63 – No. 11 PIV Mean Velocity results for TSR 4.5 for different blade angular positions. 
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Chapter 7 – PIV Results – Vorticity  
7.1. No. 0 and No. 5 TSR 3.6 
 
The vortices in the wake of No. 0 and No. 5 differ, as shown in Figure 64.    The positive root 
vortices show different shapes comparing No. 0 with No. 5.  For blade No. 0, they appear more oblong 
shaped while for blade No. 5, they are circular shaped.  The bottom three rows of vortices alternate with 
the top row of vortices.  Also, there is a larger gap between the top row and second row of vortices on No. 
5 compared to No. 0.  The rows are all more equally spaced on No. 0. It should be noticed that the vorticity 
value for the inboard vortices for No. 5 is much less than that of No. 0. It is well known that these vortices 
will finally turn out to be turbulence through a transition process. The current comparison indicates that the 
double-blade design of No. 5 will help to reduce the turbulence level in the wake, therefore the downstream 
wind turbines in a wind farm will benefit from this improvement. As for the tip vortices, obviously the 
vortex size reduces for blade No. 5. The absolute vorticity value shows a slight reduction for No. 5, but not 
quite distinguishable.  A reason for the reduction of the vortex size could be the smaller chord length of the 
double-blade No. 5 compared to the chord length at the tip of the single-blade, No. 0. 
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Figure 64 – No. 0 PIV Vorticity Results on left and No. 5 PIV Vorticity Results on right for TSR 3.6 for different blade angular 
positions. 
 
 
7.2. No. 0 and No. 5 TSR 4 
 
Again as seen in Figure 65, No. 0 has more oblong shaped positive vortices compared to No. 5.  
Also, the strength of the bottom negative vortices is greater for No. 0.  As in the last set, the bottom three 
rows of vortices alternate with the top row of vortices.  There is a larger gap between the top row and second 
row of vortices on No. 5 compared to No. 0.  The rows are all more equally spaced on No. 0. Again the 
vorticity value for the inboard vortices for blade No. 5 is less than that of No. 0. 
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Figure 65 – No. 0 PIV Vorticity Results on left and No. 5 PIV Vorticity Results on right for TSR 4 for different blade angular 
positions. 
 
 
7.3. No. 10 and No. 9 TSR 4 
 
In contrast to the previous case, the inboard vorticity value for No. 9 is larger than that of No. 10. 
as seen in Figure 66. This indicates that the double-blade design does not always improve the vortex 
generation, rather, it may induce additional unwanted vortices in the wake instead. For No. 9, in the front 
of the wake these negative vortices create a ‘V’ shape.  No. 10 basically has two rows of vortices, while 
No. 9 has three.  These also are spaced differently than No. 0 and No. 5. 
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Figure 66 – No. 10 PIV Vorticity Results on left and No. 9 PIV Vorticity Results on right for TSR 4 for different blade angular 
positions. 
 
 
7.4. No. 10 and No. 9 TSR 4.5 
 
At the TSR of 4, No. 9 presents more vortices in the middle region of the wake than No. 10.  On 
No. 9 in the front of the wake these negative vortices create a ‘C’ shape as seen in Figure 67.  No. 10 
basically has two rows of vortices, while No. 9 has three.  This is different than No. 0 and No. 5 which had 
4 rows of vortices. 
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Figure 67 - No. 10 PIV Vorticity Results on left and No. 9 PIV Vorticity Results on right for TSR 4.5 for different blade angular 
positions. 
 
7.5. No. 11 TSR 4.1 
 
No. 11 basically has three obvious rows of vortices, with the top row of tip vortices being the 
strongest and negative as seen in Figure 68.  As the phases go on an extra row begins to form under the top.  
In phase 150 two vortices begin to merge at the top.  Starting at phase 60 the front of the wake really fills 
up with vortices. 
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Figure 68 – No. 11 PIV Vorticity Results for TSR 4.1 for different blade angular positions. 
 
7.6. No. 11 TSR 4.5 
 
 At the TSR of 4.5, No. 11 has an additional row of vortices, making four rows.  In the first row the 
third vortex over has maximum negative vorticity for the scale at −0.85
𝑚
𝑠
.  Starting at phase 30 there are 
alternating negative and positive vortices in the first column of the wake as seen in Figure 69. 
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Figure 69 - No. 11 PIV Vorticity Results for TSR 4.5 for different blade angular positions. 
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Chapter 8 – Turbulent Kinetic Energy (TKE) and Acoustic 
Emission Results 
8.1. TKE - No. 0 and No. 5 TSR 4 
As can be seen in Figure 70 there is much less turbulent kinetic energy in the wake of No. 5 
compared to No. 0.  This is the case in the area of the tip, middle, and root of the blade.  This means there 
is much less turbulence in the wake of No. 5 which is a good effect for wind farms.  This way 
downstream wind turbines will have less turbulence in the flow. 
  
Figure 70  – Turbulent Kinetic Energy results for No. 0 and No. 5. 
8.2. TKE - No. 10 and No. 9 TSR 4 
As can be seen in Figure 71, No. 9 has less turbulent kinetic energy than No. 10 along the tip and 
root.  In the middle region No. 10 has less turbulent kinetic energy than No. 9.  and No. 10 have much 
more turbulent kinetic energy than No. 0 and No. 5 probably due to their difference in design tip speed 
ratios.  
 
 
92 
 
  
Figure 71 – Turbulent kinetic energy for No. 10 and No. 9. 
 
8.3.  Noise Results for all Blades 
 
Table 2 present the overall sound level (over all frequencies). At TSR 3.5 the following noise results 
were observed.  No. 5 gave less average noise than No. 0.  
There is a 3.3 dB decrease in noise for No. 5, which is considerable for noise attenuation. The noise 
for blade No. 4 shows a slight decrease which is about 0.5 dB. Other blades including No. 12 and No. 13 
show an increase of around 2 dB.  
 
Table 3: TSR 3.5 Sound Level Results. 
Blade No. Sound Level (dB) 
No. 5 92.9 
No. 4 95.72 
No. 0 96.24 
No. 13 98.46 
No. 12 98.84 
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Chapter 9 – Summary and Conclusions 
 
In summary, fourteen wind turbine blades were well designed and tested in the wind tunnel at 
Wright State University. Power output and aerodynamic force measurements were performed as well as the 
detailed flow measurement in the wake by employing a high-resolution PIV system.  Also, acoustic 
emission from the wind turbine blades was quantified using a microphone.  The wake of the turbine was an 
important aspect being studied as well as the power produced from the wind turbine rotor. The turbines 
were numbered to easily keep track of them. Among the novel designs, blade No. 5 produced the most 
power when comparing the other models designed for a TSR of 5 with various parameters adjusted.  No. 5 
produced 7% more power than No. 0 at the TSR of 4.  Also, the wake of blade No. 5 showed much more 
regulated flow inboard from the double-blade effect.  Not only was the flow more regulated it also had 
much more flow energy, which is beneficial to downstream turbines in a wind farm. Blade No. 5 was 
designed with constant stagger with one root chord length and varied gap with one local chord length. The 
hypothesis to explain the increase of the power is that the upper blade created a relative high pressure in 
the downstream below the blade, which suppresses the separation on the top surface of the lower blade if 
there is any, or enhances the flow along the top surface. This suppression effect will increase the lift from 
the low blade and thus the power output. The large stagger at the outside of the blade appears to be a very 
important factor. It seems the stagger contributes in the suppression or enhancement effect from the leading 
upper blade on the lower blade. Another blade that we are interested in is the blade No. 4, with constant 
gap and constant stagger.  On this blade, there was much more vertical distance between the upper and the 
lower blade, which didn’t seem to prevent separation as the power was not increased.  However, with No. 
5 the varying gap brought the upper blade and lower blade closer to each other towards the tip and thus 
likely reduced the separation from the top of the lower blade. 
 Two blades were designed for a higher TSR of 6, instead of 5.  These were No. 10 and No. 9.  No. 
10 (single) had 50% more power output than No. 9 (double) at a TSR of 4.5.  However, blade No. 9 had 
6% more power output than No. 10 at a TSR of 3.6.  Also, there was more regulated flow energy in the 
wake of No. 9 than No. 10, which seems to be a fairly consistent effect due to the separation suppression 
mechanism on the lower blade.  The overall noise for the design with double-blade and flow guides can be 
reduced. However, it was observed in the measurement results that at some TSR, noise emission at a 
particular RPM could be enhanced. It indicates that one has to be careful in the design of the flow guide in 
order to reduce the noise at certain TSR and frequency.  Future research should investigate constant stagger 
varying gap, No. 5, further as it gave the most promising results. This could be applied to the TSR 6 models 
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since at low TSR there is an increase from No. 10 to No. 9.  The far field turbulent wake should also be 
further investigated. 
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